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Complement activation plays a critical role in the immune response to T-cell-dependent and T-cell-indepen-
dent antigens. However, the effect of conjugation of T-cell-dependent protein carriers to T-cell-independent type
2 antigens on the requirement for complement in the humoral immune response to such antigens remains
unknown. We studied the role of complement activation on the antibody response of BALB/c mice immunized
with the T-cell-independent type 2 antigen serotype 14 pneumococcal capsular polysaccharide (PPS14), either
in unmodified form or conjugated to ovalbumin (OVA). In mice immunized with either PPS14 or PPS14-OVA,
depletion of endogenous complement at the time of primary immunization by treatment with cobra venom
factor (CVF) diminished serum anti-PPS14 concentrations after primary immunization but enhanced antibody
responses after secondary immunization. The secondary immunoglobulin G (IgG) anti-PPS14 antibody response
after immunization with PPS14-OVA was especially enhanced by complement depletion, was observed at doses
as low as 0.2 �g of antigen, and was maximal when CVF was administered within 2 days of immunization. The
avidity and opsonophagocytic functions of IgG anti-PPS14 antibodies were comparable in mice immunized with
PPS14-OVA with or without complement depletion. Serum anti-PPS14 antibody concentrations were near
normal, and the enhancing effects of CVF treatment on the secondary anti-PPS14 antibody response were also
apparent in splenectomized mice immunized with PPS14-OVA. These results demonstrate that complement
activation can have distinct effects on the primary and secondary antibody responses to a T-cell-independent
type 2 antigen, either unmodified or conjugated to a T-cell-dependent protein carrier. These differences should
be taken into consideration when using complement to modulate the immune response to vaccines.

Disease caused by Streptococcus pneumoniae is a major pub-
lic health concern throughout the world, with the very young,
the elderly, and immunocompromised individuals being par-
ticularly susceptible to infection (59). In the United States,
S. pneumoniae causes more cases of meningitis and pneumonia
than any other species of bacteria, resulting in over 7,000
fatalities each year (2). Worldwide, pneumococcal infections
result in the death of over one million children annually, pri-
marily in developing countries (25, 48, 59). Local infections in
the upper respiratory tract, including sinusitis, bronchitis, and
otitis media, are also associated with significant morbidity, and
over seven million cases of otitis media alone occur in the
United States each year (23). Protective immunity is mediated
by antibodies against capsular polysaccharide epitopes and,
based on differences in polysaccharide structure, there are over
90 different pneumococcal serotypes. Clinical disease is asso-
ciated with a variety of serotypes, but the majority of invasive
disease worldwide is caused by 11 serotypes (21).

Pneumococcal capsular polysaccharides are classified as T-
cell-independent type 2 (TI-2) antigens, which are character-
ized by high molecular weight, multiple repeat epitopes, per-
sistence in vivo, a failure to stimulate major histocompatibility
complex type II-mediated T-cell help, and poor immunogenic-

ity in children under 18 months of age (12, 33). The currently
licensed 23-valent pneumococcal capsular polysaccharide vac-
cine is effective in the majority of adults but is poorly immu-
nogenic in children under 2 years of age and in patients with
immunodeficiencies (59). To overcome this lack of efficacy,
T-cell-dependent (TD) protein carriers have been coupled to
capsular polysaccharides and incorporated into newer pneu-
mococcal vaccines (28). Use of a recently licensed heptavalent
pneumococcal conjugate vaccine has resulted in a significant
decline in the rate of invasive pneumococcal infections in chil-
dren in the United States and a significant but more modest
decline in disease rates in adults (56).

The capsular polysaccharide of serotype 14 S. pneumoniae
(PPS14) is included in the currently licensed conjugate vaccine
and all others currently under development, as it is one of the
three most prevalent serotypes causing invasive pneumococcal
disease worldwide (47). PPS14 activates the alternative path-
way of complement (19), and its ability to induce a primary
antibody response in BALB/c mice is complement dependent
(30). However, the role of complement activation in the anti-
body response to PPS14 conjugated to a TD protein carrier has
not been examined. We have used ovalbumin (OVA) as a mod-
el TD protein carrier because the murine immune response to
OVA has been well characterized and because its low molec-
ular mass (43 kDa) facilitates the preparation of PPS14-OVA
conjugates that are free of unconjugated carrier protein. Our
previous studies comparing PPS14-OVA and PPS14-C3d con-
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jugates have shown that PPS14-OVA is a potent immunogen in
BALB/c mice (51).

For the studies described here, we wished to inhibit activa-
tion of endogenous complement independently at the time of
either primary or secondary immunization. Because this is
difficult or impossible using C3 or complement receptor knock-
out mice, we treated mice with cobra venom factor (CVF) to
deplete serum complement prior to immunization. CVF is a
functional analogue of C3b, but it is not susceptible to degra-
dation and inactivation by factors H and I (55). Hence, injec-
tion of mice with CVF results in unregulated complement
activation and temporary depletion of serum C3. Our results
show that complement depletion at the time of primary immu-
nization of mice with PPS14 or PPS14-OVA results in a sub-
optimal primary anti-PPS14 antibody response but enhances
the secondary (memory) antibody response. When comple-
ment is depleted at the time of secondary immunization, less-
pronounced effects on the subsequent anti-PPS14 antibody
response are observed and consist primarily of decreased anti-
PPS14 immunoglobulin G (IgG) concentrations.

MATERIALS AND METHODS

Reagents. OVA (Pierce, Rockford, Ill.) was treated with 10 mM iodoacet-
amide to block residual thiols, and OVA monomers were isolated by passage
over a Bio-Gel P-60 column. Purified PPS14 was purchased from the American
Type Culture Collection, Manassas, Va. Purified pneumococcal cell wall poly-
saccharide (C-PS) was from Statens Serum Institut, Copenhagen, Denmark.
C-PS was activated with 1-cyano-4-dimethylaminopyridium tetrafluoroborate
(CDAP; Research Organics, Cleveland, Ohio) and biotinylated using biotin-LC-
hydrazide (Pierce). Murine anti-PPS14 monoclonal antibodies 44.2 (IgG1, �)
and 9.2 (IgM, �) were provided by Alexander H. Lucas (Children’s Hospital
Oakland Research Institute). Baby rabbit serum (as a source of complement)
was purchased from CedarLane Laboratories (Hornby, Ontario, Canada).

PPS14 conjugated to OVA was prepared as described previously (51) by using
CDAP. Conjugates were isolated by chromatography on a 1- by 50-cm column of
Bio-Gel P-300 (Bio-Rad Laboratories). PPS14-OVA preparations were dialyzed
into phosphate-buffered saline (PBS) and 0.2-�m filtered before storage at 4°C.
The PPS14 concentration of conjugate preparations was determined by a resor-
cinol sulfuric acid micromethod (35), and the protein concentration was deter-
mined with the bicinchoninic acid protein assay (Pierce).

Mice and immunizations. Female BALB/c mice were obtained from Charles
River Laboratories (Hollister, Calif.) and were used at 10 to 11 weeks of age.
Female BALB/c mice splenectomized or sham-splenectomized at the age of 4
weeks were also purchased from Charles River Laboratories and were rested for
6 weeks prior to immunization. Animal protocols were reviewed and approved by
the Institutional Animal Care and Use Committee. Mice were immunized with
1 �g of PPS14 as unmodified PPS14 or PPS14-OVA diluted in 200 �l of sterile,
endotoxin-free PBS (Sigma Chemical Co., St. Louis, Mo.). In some experiments,
mice were immunized with 0.2 or 0.5 �g of PPS14-OVA. Antigen was adminis-
tered by subcutaneous injection, with the total dose divided equally between two
sites. A second identical injection was given 42 days after the first. Blood samples
were obtained 3 days before and at 10, 25, and 39 days after primary immuni-
zation and at days 10 and 25 after secondary immunization.

Mice that received CVF were given three intraperitoneal injections of 5 �g of
CVF diluted in 200 �l of sterile, endotoxin-free PBS at 28, 24, and 4 h prior to
immunization as previously described (30). This treatment regimen completely
depleted serum alternative pathway hemolytic activity at the time of immuniza-
tion as determined using rabbit erythrocytes as alternative pathway activators.
Groups of 8 to 10 mice were immunized with or without pretreatment with CVF
at the time of primary immunization or at the time of secondary immunization.
In experiments to determine the effects of altering the time of CVF treatment
relative to the time of immunization with PPS14-OVA, different groups of mice
were treated with CVF such that the last dose of CVF was given on the day of
immunization, at 2 and 4 days before immunization, and at 2 and 4 days after
immunization.

ELISAs for determination of anti-PPS14 antibody concentrations. Serum anti-
PPS14 antibodies were measured using enzyme-linked immunosorbent assays
(ELISAs) specific for anti-PPS14 IgM and anti-PPS14 IgG. Purified 9.2 IgM and

44.2 IgG anti-PPS14 monoclonal antibodies were used as standards in the assays.
Wells of microtiter plates (Nunc MaxiSorp ImmunoPlate; Nalge Nunc Interna-
tional Corp., Rochester, N.Y.) were coated overnight with 100 �l of rabbit
antiserum against PPS14 (Statens Serum Institut) diluted 1/1,000 in PBS con-
taining 0.02% sodium azide. The coating antibody was aspirated, and wells were
incubated with 200 �l of PBS containing 1% bovine serum albumin (BSA) and
0.1% sodium azide (PBS-BSA-Az) for 1 h at room temperature. Plates were
washed with PBS containing 0.1% Tween 20 (Bio-Rad), and 100 �l of a satu-
rating concentration (10 �g/ml) of purified PPS14 in PBS containing 0.05%
Tween 20 was added to each well. Plates were incubated overnight at 4°C and
then washed. Fifty microliters of PBS-BSA-Az containing 20 �g of C-PS (PBS-
BSA-Az plus C-PS)/ml was added to wells, and 50 �l of PBS-BSA-Az plus C-PS
containing 20 �g of PPS14/ml was added to a duplicate set of wells. Fifty
microliters of serum sample diluted in PBS-BSA-Az plus C-PS (three or four
dilutions of each sample) or standard was added to each set of wells, and plates
were incubated for 2 h at 37°C. The plates were washed and incubated for 90 min
at 37°C with biotinylated rabbit anti-mouse IgM or IgG (Jackson Immuno-
Research Laboratories, Inc., West Grove, Pa.) followed by washing and incuba-
tion for 60 min at 37°C with streptavidin-alkaline phosphatase conjugate (Caltag
Laboratories, Burlingame, Calif.). After a final wash, plates were developed with
Sigma 104 phosphatase substrate, and the absorbance at 405 nm was determined
on a SpectraMax 340 microplate reader (Molecular Devices Corp., Sunnyvale,
Calif.). Antibody concentrations were calculated after subtracting the absor-
bance reading for wells containing 20 �g of PPS14/ml from those containing
diluted sample alone. The minimal detectable concentration was 0.19 ng/ml for
the IgM anti-PPS14 ELISA and 0.25 ng/ml for the IgG anti-PPS14 ELISA.

ELISA for determination of anti-OVA IgG antibody concentrations. Serum
anti-OVA IgG concentrations were determined by ELISA using methods iden-
tical to those used to measure IgG antibodies against PPS14, except that plates
were coated with 100 �l of OVA (Pierce)/well at 2 �g/ml and purified mono-
clonal anti-OVA IgG (Sigma) was used as a standard.

Isotype analysis. The IgG and IgA subclass compositions of serum antibodies
to PPS14 were determined by ELISA with the SBA clonotyping system/AP and
murine IgG subclass standards (Southern Biotechnology Associates, Birming-
ham, Ala.). Serum samples were diluted in PBS containing 1% BSA, 0.1%
sodium azide, and 20 �g of pneumococcal cell wall polysaccharide/ml (dilution
buffer) such that the anti-PPS14 IgG concentration was identical in each sample.
A control for each serum sample consisted of diluted serum (or standard) plus an
equal volume of PPS14 (20 �g/ml) in dilution buffer. The value for this control
was subtracted from the corresponding value for diluted serum incubated with an
equal volume of dilution buffer. PPS14-specific IgA, IgG1, IgG2a, IgG2b, and
IgG3 were determined using alkaline phosphatase goat anti-mouse conjugates
specific for each subclass. Results are expressed as the absorbance at 405 nm at
2 h for each serum sample.

IgG purification. IgG was purified from five 25-day post-secondary immuni-
zation serum samples each from untreated and CVF-treated mice immunized
with PPS14-OVA. Serum IgG was purified by affinity chromatography on 1-ml
HiTrap protein G columns (Amersham Biosciences, Uppsala, Sweden). Follow-
ing elution from the protein G column, fractions containing IgG were pooled and
concentrated on a Centricon filtration device with a YM10 membrane (Milli-
pore, Bedford, Mass.). The concentrated IgG was dialyzed into PBS, and suffi-
cient 5% BSA was added to give a final concentration of 0.5% BSA.

To remove serum anti-C-PS antibody, Dynabeads M-280 streptavidin (Dynal
Biotech, Oslo, Norway) were incubated with biotinylated C-PS to generate C-PS-
coated magnetic beads. Fifty microliters of Dynabeads M-280 streptavidin was
coated with biotinylated C-PS and washed with PBS plus 0.5% BSA. The IgG
preparation was immediately added to the C-PS beads and incubated with gentle
mixing for 2 h at 4°C, and the supernatant was collected. To eliminate any
residual IgM, the resulting IgG preparation was incubated as above with Dyna-
beads M-450 coated with rat anti-mouse IgM (Dynal). After this purification
procedure, anti-PPS14 IgG recovery averaged 90.1% and anti-PPS14 IgM aver-
aged 0.2% of total Ig. IgG3 anti-PPS14 was lost during the purification proce-
dure, so the final IgG preparation consisted almost solely of IgG1 anti-PPS14.

Anti-PPS14 IgG avidity assays. Avidity was measured according to previously
published methods (37) which have been used to measure avidity of antibodies
to both pneumococcal (8) and nonpneumococcal (36) polysaccharides. Polysty-
rene 96-well plates (Nunc) were coated overnight at 4°C with 1 �g of PPS14/ml.
The plates were blocked with PBS-BSA-Az, followed by washing with 0.1%
Tween 20 in PBS. Purified IgG samples were diluted in PBS-BSA-Az plus C-PS
to a final anti-PPS14 IgG concentration of 50 ng/ml. Equal volumes of purified
IgG and buffer or PPS14 at 10 different concentrations, ranging from 0.2 to
20,000 ng/ml in PBS plus 0.02% azide, were mixed in 12- by 75-mm tubes, and
then 100 �l of the mixture was added to wells, incubated at 37°C for 2 h, and
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washed with PBS plus 0.1% Tween 20. The remainder of the assay was per-
formed as described for the anti-PPS14 IgG ELISA. An avidity constant (�K)
was calculated as the inverse molar concentration of soluble PPS14 required to
inhibit antibody binding to solid-phase PPS14 by 50%, assuming a molecular
mass of 1,000,000 Da for PPS14.

In addition, we measured direct binding of anti-PPS14 IgG to wells coated with
seven different concentrations of PPS14 ranging from 1 to 1,000 ng/ml. The
PPS14 coating concentration at which anti-PPS14 IgG binding was 50% of
maximum was calculated for each IgG preparation.

Opsonophagocytic killing assay. Killing of opsonized serotype 14 pneumo-
cocci by RAW 264.7 murine macrophages was assayed according to previously
published methods (46) modified as needed for analysis of mouse anti-PPS14
IgG. In the wells of 96-well microplates, 10 �l (1,000 CFU) of serotype 14
pneumococci in the third log phase was mixed with 20 �l of purified IgG from
mouse serum and sufficient Hanks balanced salt solution plus calcium and mag-
nesium (HBSS2�) plus 0.1% gelatin to achieve a total volume of 50 �l. Final IgG
concentrations (after addition of phagocytes) ranged from 0.2 to 2,000 ng/ml.
The microplate was placed in 5% CO2 at 37°C for 15 min. Five microliters of
baby rabbit serum as a source of complement was added, followed immediately
by 50 �l of RAW 264.7 cells (45) at 8 � 106/ml. Control wells contained bacteria,
complement, and RAW 264.7 cells but no IgG. The microplate was placed on an
orbital rotator at 200 rpm and incubated at 37°C for 45 min. Twenty-five micro-
liters was removed from each well and added to 300 �l of HBSS2�, and 162.5 �l
was plated on blood agar plates (trypticase soy agar with 5% sheep blood; Becton
Dickinson and Co., Sparks, Md.) in duplicate. The plates were cultured overnight
at 37°C in 5% CO2, and bacterial colonies were counted the following morning.
Based on the average number of CFU, killing was calculated according to the
following formula: percent killing � 100 � (1 � [CFU of test IgG]/[CFU of the
complement � RAW 264.7 control]).

Statistical analysis. Serum anti-PPS14 IgM and IgG concentrations were
determined for individual mice within each immunization group, and the geo-
metric mean and 95% confidence intervals of the geometric mean were cal-
culated. To eliminate the effects of mouse-to-mouse variability, statistical
comparisons were made on log-transformed data. Comparisons between mice
vaccinated without pretreatment and those receiving CVF were done using
Student’s t test for unpaired samples. Statistical significance was set at a P level
of �0.05.

RESULTS

Comparison of the anti-PPS14 antibody response after im-
munization with unmodified PPS14 and PPS14-OVA. In our
original experiments comparing the anti-PPS14 antibody re-
sponse to PPS14 and PPS14 conjugates, serum anti-PPS14
concentrations were measured by radioantigen binding assay
(RABA) (51). Subsequent to that publication, murine IgM and

IgG monoclonal antibodies against PPS14 became available to
us. These were used as standards in ELISAs we established to
measure both IgM and IgG anti-PPS14 concentrations. Figure
1 and Table 1 summarize data comparing serum anti-PPS14
antibody concentrations for mice immunized with unmodified
PPS14 or PPS14-OVA. Conjugation of OVA to PPS14 mark-
edly enhanced the immunogenicity of the polysaccharide after
both primary and secondary immunization. Maximum anti-
PPS14 IgM concentrations were achieved 10 days after sec-
ondary immunization and were increased 25-fold for mice im-
munized with PPS14-OVA compared with mice immunized
with PPS14. The magnitude of the IgG anti-PPS14 antibody
response was enhanced even more by conjugation of OVA.
Mice immunized with PPS14 showed no boost in anti-PPS14
IgG after secondary immunization, with serum concentrations
reaching 0.08 �g/ml at 10 days after secondary immunization.
By contrast, mice immunized with PPS14-OVA had a threefold
boost in anti-PPS14 IgG after secondary immunization and
achieved maximal anti-PPS14 IgG concentrations of 292.97
�g/ml, over 3,600 times the concentrations achieved after im-
munization with PPS14.

Effect of complement depletion on the anti-PPS14 antibody
response to PPS14 and PPS14-OVA. To determine the role of
endogenous complement in the humoral immune response to
PPS14 and PPS14-OVA, mice were treated with three intra-
peritoneal injections of 5 �g of cobra venom factor (CVF) at
28, 24, and 4 h prior to either primary or secondary immuni-
zation. The results of this experiment are summarized in Table
1. Anti-PPS14 IgM and IgG concentrations at 10 days after
primary immunization were decreased by treatment with CVF,
and the decreases were highly significant, except for anti-
PPS14 IgM concentrations in mice immunized with PPS14.
Anti-PPS14 IgM concentrations remained low at 25 and 39
days after primary immunization, never exceeding 28% of lev-
els seen in control mice (data not shown). Although anti-
PPS14 IgG concentrations increased slightly from day 10 to
days 25 and 39, they too remained low and did not exceed 4%
of concentrations observed in control mice (data not shown).
Treatment with CVF at the time of secondary immunization

FIG. 1. Enhancement of the anti-PPS14 antibody response by conjugation of OVA to PPS14. BALB/c mice (10 mice per group) were
immunized subcutaneously with 1 �g of PPS14 as either unmodified PPS14 or PPS14-OVA. A second injection identical to the first was given 42
days later. Serum anti-PPS14 IgM (left) and IgG (right) GMC are shown for serum samples obtained 3 days before and 10 and 25 days after each
injection. Error bars represent the 95% confidence interval. Arrows indicate the day of secondary immunization. P values for mice immunized with
PPS14-OVA versus mice immunized with PPS14 were highly significant (P � 10�8) for all postimmunization bleeds for both IgM and IgG
anti-PPS14.
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also resulted in decreases in anti-PPS14 antibody concentra-
tions at 10 days after immunization, although the effect was
more modest and did not reach statistical significance. Surpris-
ingly, treatment with CVF at the time of primary immunization
with PPS14 resulted in a significant increase in anti-PPS14
antibody concentrations after secondary immunization. At 10
days after secondary immunization, anti-PPS14 IgM was 8
times greater in mice receiving CVF compared with untreated
mice and anti-PPS14 IgG was 12 times greater, although the
latter constituted a small proportion of the total antibody re-
sponse. In mice immunized with PPS14-OVA, anti-PPS14 an-
tibody concentrations after secondary immunization were also
significantly increased in CVF-treated mice to levels 2.7 times
those seen in control mice. Whereas the maximum anti-PPS14
IgG concentration in mice immunized without CVF treatment
was 685 �g/ml, 6 of 10 mice treated with CVF before immu-
nization with PPS14-OVA had anti-PPS14 IgG concentrations
of �750 �g/ml, and 3 of the mice had concentrations of �2,650
�g/ml. Of note, the 489-�g/ml absolute increase in geometric
mean concentration (GMC) of serum anti-PPS14 IgG after
immunization with PPS14-OVA plus CVF versus that follow-
ing PPS14-OVA alone exceeded the absolute increase of 293
�g/ml that resulted from conjugation of OVA to PPS14. We
also examined sera for the presence of OVA-specific IgG an-
tibodies. In contrast to the anti-PPS14 response, the anti-OVA
response was extremely weak and variable and, therefore, we
could see no clear effect of complement depletion. For exam-
ple, at 10 days after secondary immunization, GMC anti-PPS14
IgG was 	0.8 �g/ml in both control and CVF-treated mice.
The low anti-OVA response probably was a consequence of
the low dose of OVA (	1.5 �g) in each injection of PPS14-
OVA conjugate and the absence of adjuvant in our vaccine
preparations.

Effect of complement depletion on the anti-PPS14 antibody
response after immunization with lower doses of PPS14-OVA.
We performed a number of additional experiments to further
characterize the effect of CVF treatment at the time of primary
immunization on the anti-PPS14 antibody response to PPS14-
OVA. To determine if the effects of CVF treatment on the
secondary anti-PPS14 antibody response would be maintained

at lower doses of conjugate, we examined the effects of CVF
administered at the time of primary immunization in mice
immunized with two injections of 0.2, 0.5, or 1.0 �g of PPS14-
OVA (Fig. 2). Similar to its effects after immunization with 1.0
�g of conjugate, CVF caused decreases in anti-PPS14 IgM and
IgG 10 days after primary immunization with either 0.2 or 0.5
�g of PPS14-OVA and marked increases in anti-PPS14 Ig at 10
days after secondary immunization, which were highly signifi-
cant for anti-PPS14 IgG (Fig. 2). The effect of CVF was espe-
cially pronounced after immunization with 0.2 �g of PPS14-
OVA, where the serum anti-PPS14 IgG GMC for mice treated
with CVF (1,042.59 �g/ml) was over 10 times the value for
mice immunized with conjugate alone (92.77 �g/ml).

Timing of treatment and the effect of CVF on the anti-PPS14
antibody response after immunization with PPS14-OVA.
When CVF is given to BALB/c mice in multiple intraperito-
neal injections over a 24-h period, serum C3 levels reach a
nadir of �3% of pretreatment C3 levels within 6 to 8 h after
the last injection (31), remain low until about day 4 (31, 40),
and then return to pretreatment levels over another 2 to 4 days
(31, 40). To determine the effects of altering the time of CVF
treatment relative to the time of immunization, mice were
treated with CVF at the time of immunization, at 2 and 4 days
before immunization, and at 2 and 4 days after immunization
(Fig. 3). At 10 days after primary immunization, GMC anti-
PPS14 IgM and IgG values were significantly decreased com-
pared to untreated controls for mice treated with CVF 2 days
before (P � 0.003 for IgM anti-PPS14; P � 0.0003 for IgG
anti-PPS14) and at the time of immunization (P � 0.002 for
IgM anti-PPS14; P � 0.00004 for IgG anti-PPS14), but not for
mice treated with CVF 4 days before or 2 or 4 days after
immunization. At 10 days after secondary immunization, anti-
PPS14 IgM concentrations were significantly increased for
mice treated with CVF 2 days before (P � 0.02) or at the time
of primary immunization (P � 0.03), but not at the other times.
Anti-PPS14 IgG concentrations were significantly increased
only for mice receiving CVF at the time of primary immuni-
zation (P � 0.04), although modest increases in anti-PPS14
IgG were observed in mice receiving CVF 2 days before or
after immunization. Thus, it appears that complement must be

TABLE 1. Effect of CVF on the anti-PPS14 antibody response to PPS14 and PPS14-OVAa

Immunization

Anti-PPS14 response (�g/ml)

Postprimary Postsecondary

IgM IgG IgM IgG

PPS14, no CVF 4.33 (3.09–6.06) 0.21 (0.12–0.35) 2.61 (1.88–3.61) 0.08 (0.04–0.15)
PPS14, CVF pre-1° 3.59 (2.51–5.13);

P � 0.47
0.01 (0.00–0.02);

P � 0.00004
21.78 (14.89–31.84);

P � 10�7
0.96 (0.56–1.64);

P � 0.00002
PPS14, CVF pre-2° 4.15 (2.50–6.90);

P � 0.15
0.05 (0.02–0.12);

P � 0.39

PPS14-OVA, no CVF 29.63 (23.88–36.76) 12.67 (8.88–18.08) 69.80 (50.39–96.69) 292.97 (221.76–387.03)
PPS14-OVA, CVF pre-1° 5.02 (3.35–7.53);

P � 3 � 10�7
0.31 (0.18–0.52);

P � 7 � 10�10
154.16 (108.06–219.93);

P � 0.004
782.38 (362.00–1,690.95);

P � 0.02
PPS14-OVA, CVF pre-2° 66.49 (48.45–91.26);

P � 0.84
167.76 (93.76–300.16);

P � 0.11

a Groups of 10 BALB/c mice were immunized subcutaneously with 1 �g of PPS14 as PPS14 or PPS14-OVA. A second 1-�g immunization was given 42 days after
the first. Serum anti-PPS14 IgM and IgG GMC values are shown for 10 days post-primary and 10 days post-secondary immunization for mice receiving no CVF, CVF
at the time of primary immunization (pre-1°), or CVF at the time of secondary immunization (pre-2°). The 95% confidence interval is shown in parentheses; for mice
receiving CVF, the P value (versus mice not receiving CVF) is shown. Statistically significant P values are highlighted in boldface type.
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depleted during the first 2 to 4 days after primary immuniza-
tion with PPS14-OVA to see an effect on the anti-PPS14 mem-
ory response.

Effect of complement depletion on the isotype profile of mice
immunized with PPS14-OVA. To determine whether the in-
crease in anti-PPS14 Ig concentration resulting from treatment
with CVF at the time of primary immunization was accompa-
nied by changes in the isotype distribution of IgG and IgA
anti-PPS14 antibodies, we used an isotyping kit from Southern
Biotechnology Associates to analyze serum samples collected
at 25 days after secondary immunization. Figure 4 shows that
as previously reported (51), anti-PPS14 IgG was predominant-
ly of the IgG1 subclass with small amounts of IgG2a, IgG2b,
and IgG3. IgA anti-PPS14 was negligible. Treatment with CVF

did not alter the amount of IgG1 anti-PPS14 but significantly
increased IgG3 anti-PPS14 to 3.6 times the value seen in mice
immunized with PPS14-OVA alone. There were modest but
insignificant decreases in IgG2a and IgG2b anti-PPS14. IgA
anti-PPS14 doubled after CVF treatment but still constituted a
negligible proportion of the total anti-PPS14 antibody re-
sponse. Because of differences in the subclass-specific detect-
ing antibodies used for the isotype analysis, it was difficult to
make quantitative comparisons between different IgG sub-
classes within immunization groups, even though IgG1 clearly
was the predominant subclass. To help us make more quanti-
tative comparisons, we determined the concentrations of mu-
rine IgG subclass standards that gave equivalent optical density
(OD) readings in the isotype assay. We found that a murine

FIG. 2. Effect of CVF treatment on the anti-PPS14 antibody response in mice immunized with different doses of PPS14-OVA. Groups of eight
BALB/c mice were immunized subcutaneously with 0.2, 0.5, or 1.0 �g of PPS14 as PPS14-OVA. A second immunization at the same dose was given
42 days after the first. Bars represent the serum anti-PPS14 IgM and IgG GMC values at 10 days post-primary (left) and 10 days post-secondary
(right) immunization for untreated mice (Untx) or mice receiving CVF at the time of primary immunization. At 10 days after secondary
immunization, anti-PPS14 IgM was significantly increased in CVF-treated mice compared with untreated mice for animals immunized with 0.2 �g
of PPS14-OVA (P � 0.01), and anti-PPS14 IgG was significantly increased for mice immunized with 0.2 �g (P � 0.0007), 0.5 �g (P � 0.006), or
1.0 �g (P � 0.02) of PPS14-OVA.

FIG. 3. Effect of treatment with CVF at different times relative to immunization on the anti-PPS14 antibody response in mice immunized with
PPS14-OVA. Groups of eight BALB/c mice were immunized subcutaneously with 1 �g of PPS14 as PPS14-OVA. A second immunization at the
same dose was given 42 days after the first. CVF (5 �g) was administered by intraperitoneal injection 28, 24, and 4 h prior to primary immunization.
The values shown below the x axis indicate the day of the last CVF injection relative to the day of immunization. Bars represent serum anti-PPS14
IgM and IgG GMC values at 10 days post-primary (left) and 10 days post-secondary (right) immunization for untreated mice (Untx) or mice
receiving CVF at the time of primary immunization.
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IgG3 concentration 2.9 times that of IgG1 was required to give
the same OD reading in the assay. Thus, we estimate that IgG3
anti-PPS14 increased from 	4.6% of the IgG1 anti-PPS14
concentration in serum samples from untreated mice to 16.3%
of anti-PPS14 IgG1 in mice treated with CVF.

Effect of complement depletion on functional attributes of
IgG anti-PPS14 antibodies from mice immunized with PPS14-
OVA. To determine whether the functional attributes of IgG
anti-PPS14 antibodies were altered by treatment with CVF, we
purified IgG from the same serum samples used for the isotype
analysis. IgG was purified from five representative serum sam-

ples in each treatment group by passage of serum over Hi-Trap
protein G columns (Amersham), followed by incubation with
Dynal magnetic beads coated with C-PS to remove antibodies
to C-PS and Dynal beads coated with rat anti-mouse IgM to
remove any residual IgM. Anti-PPS14 IgG in the final prepa-
ration consisted almost solely of the IgG1 subclass. Avidity was
measured by two methods. The first was an ELISA-based assay
(37) in which different concentrations of soluble PPS14 inhib-
ited binding of anti-PPS14 IgG to solid-phase PPS14. This as-
say has previously been used to measure avidity of antibodies
to pneumococcal polysaccharides (8). An avidity constant (�K)
was calculated as the inverse molar concentration of soluble
PPS14 required to inhibit IgG binding by 50%. Wells were
coated with 1 �g of PPS14/ml. The results of this analysis are
shown in Fig. 5A. The mean �K value for untreated mice
immunized with PPS14-OVA was 1.53 � 1011 (standard error
[SE], 8.38 � 1010), which was six times the value (2.54 � 1010 

1.08 � 1010) for mice that received CVF at the time of primary
immunization. Because of overlap in values for individual mice,
the differences were not statistically significant. In the second
avidity assay (Fig. 5B), we measured direct binding of anti-
PPS14 IgG to wells coated with seven different concentrations
of PPS14 ranging from 1 to 1,000 ng/ml. The PPS14 coating
concentration at which anti-PPS14 IgG binding was 50% of
maximal values was 3.75 
 0.48 ng/ml for untreated mice and
6.32 ng/ml for mice treated with CVF (P � 0.002). However,
the magnitude of the difference was very small and may not be
biologically important. Nonetheless, these results suggest that
complement depletion induces subtle differences in avidity of
IgG anti-PPS14 antibodies, with CVF treatment causing a de-
crease in avidity to soluble PPS14 (Fig. 5A) and only a small
decrease in avidity to solid-phase PPS14 (Fig. 5B).

PPS14 in the capsule of viable S. pneumoniae probably exists
in a state intermediate between that of soluble PPS14 and PPS14

FIG. 4. Effect of CVF treatment on the isotype profile of anti-
PPS14 Ig from mice immunized with PPS14-OVA. Serum samples col-
lected at 25 days after secondary immunization from the mice de-
scribed in the legend to Table 1 were analyzed by ELISA for anti-PPS14
IgG subclass and IgA distribution. Results are expressed as the mean
(
 standard error) A405 at 2 h for 10 serum samples in each immuniza-
tion group. Where the A405 for a given isotype was significantly altered
in mice receiving CVF, the P value is shown above the relevant bar.

FIG. 5. Functional attributes of anti-PPS14 IgG purified from serum samples collected at 25 days after secondary immunization. For each
immunization group, IgG was purified from five of the 25-day postsecondary serum samples used for the isotype analysis described in the legend
for Fig. 3. Avidity was determined in a competition binding ELISA (A) and by direct binding to PPS14-coated wells of 96-well plates (B). In panel
A, avidity is expressed as an avidity constant (�K), the inverse molar concentration of soluble PPS14 which inhibited binding of anti-PPS14 IgG
to solid-phase PPS14 by 50%. In panel B, avidity is expressed as the coating concentration of PPS14 at which anti-PPS14 IgG binding was 50%
of maximal values. In panels A and B, symbols represent values for individual IgG preparations and horizontal bars indicate the means. (C)
Opsonophagocytic killing of serotype 14 S. pneumoniae by mouse RAW 264.7 macrophages was determined by counting surviving colonies grown
on blood agar plates after incubation of bacteria, different concentrations of anti-PPS14 IgG, baby rabbit serum as a complement source, and RAW
264.7 cells. Recovery of bacteria in control wells was 135 
 4 CFU (expected � 125 CFU). Results shown are the mean percentage of serotype
14 S. pneumoniae bacteria killed at each concentration of anti-PPS14 IgG. Killing in the absence of complement was assessed at an anti-PPS14 IgG
concentration of 20 ng/ml and was 3.5% 
 1.6% (n � 10).
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bound to a plastic surface. Thus, we measured the opsono-
phagocytic activity of the purified IgG preparations by incu-
bating viable bacteria with different concentrations of anti-
PPS14 IgG and measuring opsonophagocytic killing by RAW
264.7 murine macrophages using previously published methods
(46). As can be seen in Fig. 5C, IgG anti-PPS14 antibodies
from mice immunized with PPS14-OVA with or without CVF
treatment were equivalent in their ability to support opsono-
phagocytic killing of bacteria.

In summary, depletion of serum complement at the time of
primary immunization with PPS14-OVA resulted in increased
concentrations of anti-PPS14 antibodies after secondary im-
munization and increased IgG3 anti-PPS14, but the IgG1 anti-
PPS14 antibodies still constituted the majority of anti-PPS14
IgG and were equally capable of supporting opsonophagocytic
killing of serotype 14 S. pneumoniae as were their counterparts
in mice not depleted of complement. These results suggest that
somatic hypermutation and affinity maturation occurring in
germinal centers after immunization with PPS14-OVA were
similar in complement-depleted and untreated mice.

Effect of splenectomy on the anti-PPS14 antibody response
to PPS14 and PPS14-OVA. To determine whether conjugation
of OVA affected the ability of splenectomized mice to respond
to PPS14, we performed immunizations in mice that had been
splenectomized 6 weeks prior to immunization (Table 2, ex-
periment 1). Sham-splenectomized mice underwent an identi-
cal surgical procedure, except the spleen was not removed. At
10 days post-primary immunization, there were significant de-
creases in both IgM and IgG anti-PPS14 in splenectomized
mice immunized with either PPS14 or PPS14-OVA. At 10 days
after secondary immunization, the magnitude of the differ-
ences in the anti-PPS14 response between splenectomized and
control mice had narrowed for both vaccine groups and was no
longer significantly different for anti-PPS14 IgM in mice im-
munized with PPS14-OVA and for anti-PPS14 IgG in mice

immunized with either PPS14 or PPS14-OVA. Thus, the pri-
mary anti-PPS14 antibody response is critically dependent on
the presence of a spleen, but the anti-PPS14 memory response
after immunization with PPS14-OVA is nearly normal even in
the absence of a spleen.

Effect of complement depletion on anti-PPS14 antibody re-
sponse to PPS14 and PPS14-OVA in splenectomized mice.
Since the anti-PPS14 antibody response is essentially normal in
splenectomized mice, we were curious whether CVF would
have the same effect on the secondary response to PPS14-OVA
as observed in normal mice. CVF treatment of splenectomized
mice resulted in small changes in already low anti-PPS14 an-
tibody responses after primary immunization (Table 2, exper-
iment 2). After secondary immunization with PPS14-OVA but
not PPS14, mice pretreated with CVF at the time of primary
immunization had significant increases in anti-PPS14 IgM and
IgG compared with untreated mice. The magnitude of the
effect was similar or greater than that seen in normal mice
(Table 1). Although postsecondary anti-PPS14 IgM and IgG
concentrations in splenectomized mice immunized with PPS14-
OVA in this experiment were about half those observed in the
first experiment shown in Table 2, anti-PPS14 Ig concentra-
tions observed in CVF-treated mice in this experiment were at
least twice the values seen for untreated splenectomized mice
in the first experiment summarized in Table 2.

Together with the results shown in Tables 1 and 2 (experi-
ment 1), these data suggest the possibility that the memory
response to PPS14-OVA develops in a lymphoid compartment
distinct from the spleen even when the spleen is present. Thus,
complement depletion has a similar effect on the memory re-
sponse in the presence or absence of the spleen. Still, it re-
mains possible that the memory response normally develops in
the spleen, but that responsibility for PPS14-specific memory
cell development can be assumed by other secondary lymphoid
tissues in the absence of a spleen.

TABLE 2. Effect of splenectomy without or with CVF treatment on the anti-PPS14 antibody response to PPS14 and PPS14-OVA

Immunization

Anti-PPS14 response (�g/ml)a

Postprimary Postsecondary

IgM IgG IgM IgG

Expt 1
PPS14, sham splenectomized 5.18 (3.12–8.45) 0.28 (0.12–0.66) 3.91 (2.54–6.02) 0.10 (0.03–0.31)
PPS14, splenectomized 0.22 (0.13–0.36);

P � 0.0000004
0.01 (0.01–0.02);

P � 0.00002
1.04 (0.67–1.59);

P � 0.0008
0.05 (0.04–0.06);

P � 0.27
PPS14-OVA, sham splenectomized 32.43 (21.53–48.84) 10.47 (5.67–19.34) 48.36 (27.13–86.21) 224.21 (181.50–276.97)
PPS14-OVA, splenectomized 3.44 (1.84–6.43);

P � 0.00004
0.74 (0.27–2.06);

P � 0.001
32.55 (14.36–73.77);

P � 0.45
181.39 (92.31–356.45);

P � 0.57

Expt 2
PPS14, no CVF 0.48 (0.23–1.01) 0.01 (0.01–0.02) 1.07 (0.44–2.58) 0.03 (0.02–0.07)
PPS14, CVF pre-1° 1.86 (0.85–4.07);

P � 0.03
0.02 (0.01–0.04);

P � 0.31
3.09 (1.82–5.27);

P � 0.06
0.07 (0.02–0.21);

P � 0.31
PPS14-OVA, no CVF 4.93 (3.55–6.85) 0.77 (0.58–1.01) 17.35 (12.19–24.71) 83.11 (58.66–117.76)
PPS14-OVA, CVF pre-1° 7.53 (5.11–11.08);

P � 0.12
0.24 (0.10–0.60);

P � 0.03
147.78 (87.76–248.85);

P � 0.00001
394.75 (206.40–755.37);

P � 0.001

a In experiment 1, BALB/c mice were splenectomized or sham splenectomized at 4 weeks of age, rested for 6 weeks, and then immunized with 1 �g of PPS14 as PPS14
or PPS14-OVA (eight mice per group). In experiment 2, BALB/c mice were splenectomized at 4 weeks of age, rested for 6 weeks, and then immunized with 1 �g of
PPS14 as PPS14 or PPS14-OVA, with or without pretreatment (pre-1°) with CVF (eight mice per group). In each experiment, a second 1-�g immunization was given
42 days after the first. GMC serum anti-PPS14 IgM and IgG values are shown for 10 days post-primary immunization and 10 days post-secondary immunization. The
95% confidence interval is shown within parentheses, and the P value is shown for splenectomized mice versus the corresponding group of sham-splenectomized mice
in experiment 1 and for CVF-treated splenectomized mice versus splenectomized mice not receiving CVF in experiment 2. Statistically significant P values are
highlighted in boldface type.

VOL. 73, 2005 COMPLEMENT DEPLETION AND THE RESPONSE TO PPS14-OVA 283



DISCUSSION

Following immunization with a polysaccharide or other TI-2
antigen, complement activation could occur as a consequence
of direct activation of the alternative pathway of complement
by the antigen or by activation of the classical pathway after
binding of preexisting natural IgM antibody or newly gener-
ated antigen-specific IgM. Both mechanisms probably play a
role in complement activation by PPS14, which previously has
been shown to be a weak activator of the alternative pathway
(19, 58). Complement activation is necessary for a fully devel-
oped humoral immune response to PPS14 (30), but the role of
complement in the response to polysaccharide conjugate vac-
cines has not previously been explored. We show here that
complement activation is critical for a normal primary antibody
response to both unmodified PPS14 and to PPS14-OVA con-
jugate in BALB/c mice. However, the secondary antibody re-
sponse to both vaccines was enhanced following complement
depletion at the time of primary immunization. Because the
CVF-mediated effects on the secondary anti-PPS14 antibody
response occurred after immunization with either unmodified
PPS14 or the OVA conjugate, the effects of complement de-
pletion were not simply a consequence of conjugation of a TD
carrier to PPS14. Nonetheless, the secondary antibody re-
sponses to the two different vaccines still differed after CVF
treatment. First, after PPS14 immunization, the magnitude of
the CVF effect was much greater for IgM than IgG anti-PPS14
antibody concentrations. Second, postsecondary anti-PPS14
IgG concentrations were low with or without CVF treatment in
mice immunized with PPS14. By contrast, CVF treatment
resulted in increases in both IgM and IgG anti-PPS14 post-
secondary antibody concentrations after immunization with
PPS14-OVA, and the magnitude of the effect was much greater
for anti-PPS14 IgG. We thus focused our additional studies on
the effects of CVF on the immune response to PPS14-OVA
conjugates.

Mice immunized with lower doses (0.2 and 0.5 �g) of PPS14-
OVA had significantly enhanced anti-PPS14 antibody concen-
trations after secondary immunization, with the most signifi-
cant increases in anti-PPS14 IgG occurring at the lowest dose
of PPS14-OVA. The adjuvant effect of C3d conjugation on the
humoral immune response to TD antigens is also most appar-
ent at low doses of immunogen (11), suggesting that the effects
of complement activation on different aspects of the adaptive
immune response will be most easily detected when using
lower immunizing doses of antigen.

IgG subclass switching and affinity maturation both occur
within germinal centers (27, 49); thus, the differences we ob-
served in IgG subclass distribution and avidity of IgG anti-
PPS14 antibodies in mice treated with CVF likely reflect subtle
changes in the germinal center reaction. IgG1 anti-PPS14 pre-
dominated after immunization with PPS14-OVA regardless of
CVF treatment, but we did observe over a threefold increase in
IgG3 anti-PPS14 after CVF treatment. Increases in IgG3 anti-
polysaccharide antibodies have also been reported in mice im-
munized with PPS conjugate vaccines and CpG oligodeoxy-
nucleotides (9) or meningococcal group C polysaccharide
conjugate vaccines and interleukin-12 (4), suggesting that CVF
treatment could affect the cytokine milieu within germinal cen-
ters. The magnitude of differences in IgG avidity in mice

treated with CVF versus untreated mice was small, and this
was reflected in the lack of difference in opsonophagocytic
function of IgG1 antibodies from the two groups of mice.
Overall, the functional attributes of anti-PPS14 IgG antibodies
were largely unaffected by CVF treatment.

Experiments in which CVF was administered at different
times relative to the time of immunization revealed that com-
plement must be depleted during the first 2 to 4 days after
primary immunization with PPS14-OVA to have an effect on
the secondary anti-PPS14 antibody response. These findings
are similar to those observed by Gray and coworkers, who
found that treating mice with soluble CD40-�1 within 4 days of
immunization impaired the memory response to DNP-OVA
but that treatment initiated later than 4 days after immuniza-
tion was without effect (18). Indeed, the different effects of
CVF treatment on the primary and memory responses to
PPS14-OVA are remarkably similar to the effects of treatment
of mice with stimulatory antibodies to CD27 or CD40 on the
antibody response to TI-2 or TD antigens (42, 43). Ligation of
CD27 or CD40 results in reduced expression of the transcrip-
tion factor Blimp-1 (18, 43, 44), which plays a key role in in-
ducing terminal differentiation of B cells into plasma cells (5).
This suggests the possibility that complement-mediated effects
could be occurring indirectly by affecting signaling via CD27 or
CD40. Alternatively, complement could influence the plasma
cell versus memory cell decision by independent mechanisms.
Since it has been proposed that the strength of B-cell signaling
may affect the memory cell versus plasma cell decision (5), it is
relevant that coligation of CR2 and antigen receptors on B
cells can lower both the concentration and affinity thresholds
for B-cell activation (6, 34) and increase the level of B-cell
activation for a given dose of antigen (6, 11, 53). Thus, com-
plement activation at the time of immunization might help
balance the B-cell fate decision in favor of plasma cells. Alter-
natively, complement activation might influence the differen-
tiation of a specific memory B-cell precursor population (26)
distinct from the cells responsible for generation of the pri-
mary antibody response.

The importance of the complement system in the memory
response to TI-2 antigens has been subjected to minimal study
to date. CVF given at the time of primary immunization de-
creased the secondary antibody response to high doses of par-
ticulate (39) or soluble (24) TD antigens, but the effects of
CVF on the secondary response to low antigen doses or TI-2
antigens was not examined in either of those studies. Treat-
ment with a monoclonal antibody that blocks ligand binding to
both mouse CR1 and CR2 had no effect on the secondary
antibody response to the TI-2 antigen Ficoll when given at the
time of secondary immunization, but the effect of antibody
given at the time of primary immunization was not examined
(52). Mice treated with either a monoclonal antibody specific
for CR1 only or one specific for both CR1 and CR2 had a
diminished primary response to the TI-2 antigen dextran, but
the secondary response was not measured (57). A decrease in
the secondary response to both particulate and soluble T-cell-
dependent antigens after treatment with the CR1/CR2-specific
monoclonal antibody was shown to occur independent of any
effect on T-cell priming (20), but whether this effect extends to
T-cell help involved in the immune response to TI-2 antigens
remains to be seen. Studies using a soluble form of CR2 to
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block interactions between C3d(g) and CR2 have shown an
inhibitory effect on the primary response to TD antigens in
vivo (22), but analyses of its effects on the secondary response
have only been performed in vitro (41). Finally, a number of
studies have demonstrated a decreased secondary antibody
response to TD, but not TI-2, antigens in mice lacking C3 (15,
16), C4 (15), or CR1 and CR2 (1, 10, 13, 29, 32). C3-deficient
dogs had an impaired secondary antibody response to the TI-2
antigen DNP-Ficoll when immunized intravenously (38). The
same study showed an enhanced secondary response to the TD
antigen SRBC given intramuscularly but not intravenously, a
result showing that the effects of complement on the humoral
immune response may vary depending on the route of immu-
nization. It should be noted that interactions of C3 fragments
with their receptors would be permanently blocked in knock-
out mice or C3-deficient dogs, but only temporarily inhibited
(e.g., at the time of primary immunization) in studies such as
ours making use of CVF.

We previously showed that conjugation of C3d to PPS14
enhanced both the primary and secondary anti-PPS14 antibody
responses relative to those induced by immunization with un-
modified PPS14 and induced switching from IgM to IgG anti-
PPS14 (51). The results of that study appear to conflict with
those of the experiments reported here, where we found that
complement depletion also resulted in an enhanced secondary
anti-PPS14 antibody response. However, mice in our original
report were immunized with PPS14-C3d at the time of both
primary and secondary immunization, whereas mice demon-
strating an increased secondary antibody response in this study
were depleted of complement only at the time of primary
immunization, leaving complement activation at the time of
secondary immunization unaffected. These results are consis-
tent with complement activation having dual effects on the
humoral immune response to PPS14 or PPS14-OVA, enhanc-
ing both the immediate production of antibody via effects on
interactions between the CD19/CD21/CD81 complex and B-
cell receptor (14, 50), while at the same time having negative
effects on the generation of memory B cells.

Our results also confirm reports that immunization with PPS
conjugate vaccines can induce a strong antibody response in
the absence of a spleen (3, 54). The means by which conjuga-
tion of TD carriers to PPS bypasses the requirement for the
spleen in the anti-PPS antibody response is currently unknown,
but likely involves enhancement of the anti-PPS14 immune
response in extrasplenic locations. The effects of complement
depletion were similar in normal and splenectomized mice
immunized with PPS14-OVA but not unmodified PPS14, also
suggesting the possibility that conjugation of a TD carrier to
PPS14 influences the anatomic sites of memory B-cell devel-
opment. However, the experiments reported here do not allow
us to exclude the possibility that the immune response to PPS14-
OVA ordinarily occurs primarily in the spleen and that conjuga-
tion of OVA simply enables other lymphoid tissues to mount
an anti-PPS14 antibody response when the spleen is absent.

Our results may have practical implications with respect to
the use of manipulations of complement to modulate the im-
mune response to vaccines, particularly those making use of
TI-2 antigens such as bacterial polysaccharides. Our results
suggest that complement inhibition at the time of primary
immunization could enhance the secondary (or subsequent)

antibody response to vaccines consisting of either unmodified
polysaccharide or polysaccharide conjugated to a protein car-
rier. Complement inhibition could be especially advantageous
when used with conjugate vaccines, by allowing dosage reduc-
tion and extending vaccine supplies. Pneumococcal conjugate
vaccines, which must contain conjugates of several different
capsular polysaccharide serotypes, are more difficult to manu-
facture than monovalent vaccines. Shortages of the first li-
censed 7-valent pneumococcal conjugate vaccine have already
been reported and in some cases have led to alterations in
immunization schedules in both public and private immuniza-
tion programs (17). More recently, elimination of the third and
fourth doses of the pneumococcal conjugate vaccine in the
initial immunization series have been recommended to main-
tain diminishing supplies of vaccine (7). Complement inhibi-
tion at the time of primary immunization might be an effective
means of reducing overall vaccine dosage requirements by
either permitting reduction in the amount of vaccine used in an
individual injection or by decreasing the number of injections
required to achieve protective antibody concentrations. Be-
cause the immune response differs among TI-2 antigens and
between TI-2 and TD antigens (33), it is difficult to generalize
our results to all immunogens. Thus, the clinical utility of
complement inhibition as a means to enhance the immune
response to vaccines will require extensive further study.
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